The gastrointestinal tract is subdivided into regions with different roles in digestion and absorption. How this patterning is established is unknown. We now report that the pancreatic-duodenal homeobox 1 gene (pdxl) is also expressed in cells of the distal stomach. Positive cells include subpopulations of the three main endocrine (gastrin, somatostatin and serotonin) cell types of this region. Pdxl deficient mice were virtually devoid of gastrin cells, had normal numbers of somatostatin cells and increased numbers of serotonin cells. Pdxl is thus important for development of the gastrin cells of the antropyloric mucosa of the stomach and probably acts by controlling the fate of gastrin/serotonin precursor cells.
Introduction
Gastrointestinal hormones are produced by endocrine cells that occur disseminated in the gastrointestinal epithelium. Almost 20 different endocrine cell types have been identified and show characteristic and individual distribution patterns along the digestive tract (Solcia et al., 1981) . It is believed that rostro-caudal and transverse gradients, hormones and locally acting factors are involved in the differentiation of the different regions of the gut (Gordon, 1989; Rawdon and Andrew, 1993) , but which factors or mechanisms that are involved are unknown.
The antropyloric region of the stomach is characterized by the presence of G cells producing the hormone gastrin which is important for gastric acid secretion and mueosal growth. The functions of the G cells are regulated by somatostatin-producing D cells with Which they frequently are in close (paracrine) contact Larsson and Hougaard, 1994a) . It has been shown that D cells control gastrin secretion and gastrin gene expression through paracrine release of somatostatin Saffouri et al., 1979; 1980; Chiba et al., 1981; Brand and Stone, 1988; Karnik and Wolfe, 1990; Hoist et * Corresponding author. Tel.: +45 32 683545; fax: +45 32 683883. al., 1992; Mclntosh et al., 1991; Schubert and Makhlouf, 1992; Larsson and Hougaard, 1994a) . Like other gastric epithelial cells, G and D cells originate from stem cells present in the regenerative (isthmus) zone of the gastric glands (Lipkin, 1973; Thompson et al., 1990) . Recently, we reported that the isthmus contains presumptive precursor (G/D) cells that eoexpress the gastrin and somatostatin genes (Larsson, 1994; Larsson et al., 1995a,b) . G/D ceils are believed to undergo asymmetrical cell divisions resulting in gastrin-and somatostatin-produeing daughter cells that remain in functional paracrine contact during their migration down the gland (Larsson et al., 1995a) . The daughter cells continue to divide during their downward migration and this may result in the numerical inequality observed between G and D cells and in the separation of these cells from each other at the base of the glands (Larsson et al., 1995a) .
The differentiation of G and D cells obviously involves factors regulating cell-specific expression of the gastrin and somatostatin genes. The LIM homeodomain protein isll (Karlsson et al., 1990) has been found to transactivate somatostatin expression in islet tumor cells (Leonard et al., 1992) . Isll-like immunoreactivity was found to be localized in all G/D cells and in a subpopulation of D cells while being absent from G ceils (Larsson et al., 1995a) . This pattern suggested that isll might not be involved in gastric somatostatin expression per se but could be involved in the early differentiation of G and D cells (Larsson et al., 1995a) .
A homeodomain protein that binds to the same DNA consensus motif as isll was cloned in the mouse as insulin promoter factor 1 (ipfl) (Ohlsson et al., 1993) and in the rat as a somatostatin transactivating factor stfl/idxl (Leonard et al., 1993; Miller et al., 1994) . The close structural similarities between ipfl, stfl/idxl and the Xenopus laevis homeobox 8 (XIHbox 8) protein suggest that they all constitute species variants of the same homeodomain protein (Peshavaria et al., 1994; Guz et al., 1995;  for review see Slack, 1995) . These proteins are now referred to as pdxl (pancreatic and duodenal homeobox gene 1) .
In the early developing pancreas, pdxl is expressed by most cells of the pancreatic buds and has been shown to be required for development of the pancreas (Jonsson et al., 1994) . In the adult pancreas pdxl is expressed in theft cells where it probably regulates the expression of the insulin gene (Ohlsson et al., 1993; Peers et al., 1994; Petersen et al., 1994; Serup et al., 1995) . In addition, pdxl is expressed by duodenal epithelial cells as well as by a fraction of pancreatic somatostatin cells (Leonard et al., 1993; Miller et al., 1994) . We now show that pdxl is also expressed in endocrine cells of the antropyloric region of the stomach and report on the effect of targeted deletion of the pdxl gene on such cells.
Results

Pdxl occurs in nuclei of gastric endocrine cells
Sections from the stomach, duodenum and pancreas of adult mice were stained with the two different pdx I antisera. Both produced strong staining of nuclei of centrally placed pancreatic islet cells as well as of duodenal epithelial cells. In addition, scattered epithelial cell nuclei of the antropyloric, but not oxyntic, mucosa of the stomach were stained (Fig. 1) . All controls were negative and absorptions against recombinant pdx I abolished all nuclear staining. Double-stainings revealed that gastrin, somatostatin and serotonin immunoreactive cells all displayed variable degrees of pdxl staining. The intensity of pdxl staining of these cells ranged from strong to negative and between 10 and 20% of the cells, irrespective of hormone content were pdxl positive (Fig. 1) . In addition, other non-identified epithelial cells present in the isthmus and glandular region showed variable pdx 1 positivity.
Hormone co-storing cells and pdxl expression
Double and triple stainings showed that a few scattered endocrine cells were immunopositive for gastrin and somatostatin, gastrin and serotonin, and somatostatin and serotonin (Fig. 1) . The hormone co-storing cells made up less than 1% of the single positive cells and cells storing more than two hormones were not detected. Gastrin+somatostatin + cells predominated in the isthmus region (mean distance from gland bottom _+ SD, 44.8 _+ 13.5/am) while gastrin+serotonin + cells (26.3/am _+ 18.3/am) and somatostatin÷serotonin ÷ cells (26.7 _+ 16.9/am) occurred deeper down in the glands. The distributional difference between gastrin+somatostatin ÷ cells on the one hand, and gastrin+serotonin ÷ or somatostatin+serotonin ÷ cells was significant (two-tailed t-test: P=0.013 and P=0.012, respectively). There was no difference in distribution between gastrin+serotonin + and Table 1 Quantitations of endocrine cells of the antrum and duodenum of control, wild-type (WT) and pdxl-deficient (KO) mice expressed as number of cells per mm length of mucosa ± SD
Region
Cells per mm ± SD (n) Number of animals analyzed is given in parentheses. P values were calculated by the Mann-Whitney U-test. ns, non-significant. All cell types were quantitated in immunocytochemically stained specimens with the exception of CCK cells which were quantitated after in situ hybridization. 
Pdxl deficient mice have virtually no gastrin cells
Antropyloric mucosa from new-born pdxl-deficient mice and wild-type controls were immunocytochemically stained for gastrin, somatostatin and serotonin cells (Fig.  2) . Quantitations revealed no difference in somatostatin cell numbers between the two groups (Table 2 ). In contrast, gastrin cells were virtually eliminated (by 98.4%, P<0.001) while serotonin immunoreactive cells were increased (by 296.2%, P < 0.05). The few gastrin cells that were detected in the pdxl-deficient mice were extremely weakly stained and close to the limit of immunocytochemical detection. They occurred scattered in the antropyloric glands. The decrease in gastrin cells was reflected also by gastrin mRNA in situ hybridizations. Thus, while numerous gastrin mRNA positive cells were seen in wild-type controls no such cells were detected in the pdxl-deficient animals (Fig. 3) . Double immunocytochemical stainings showed that mouse gastrin cells, together with very few other antropyloric endocrine-like cells, stained for the gastrointestinal neuropeptide, peptide tyrosine tyrosine (PYY). In pdxl-deficient mice the numerical frequency of antropyloric PYY immunoreactive cells was significantly decreased (Table 2 ). In the duodenum, in situ hybridizations for gastrin failed to reveal positive cells, while in situ hybridizations for cholecystokinin (CCK) mRNA revealed numerous positive cells (Fig. 4) . No CCK mRNA positive cells occurred in the antropyloric mucosa. Both wild-type and pdxldeficient mice were devoid of gastrin mRNA positive cells in the duodenum (Fig. 4b) . A gastrin antiserum (from Dakopatts) stained numerous duodenal endocrine Table 1 ). While the gasu-in probes consistently failed to reveal any cells in the duodenum and detected gastrin mRNA positive cells in the antrum, the CCK probe regularly detected CCK mRNA positive cells in the duodenum and none in the antrum. Accordingly, the (identically labelled) gastrin and CCK probes could be used as mutual control probes. Additional controls included deletion of the probe and RNase treatment of sections prior to hybridization. These were also consistently negative. Scale bar, 50pro. cells but this staining was eliminated by absorptions against the C-terminal tetrapeptide amide sequence (CCK-4), which is common to gastrin and CCK, as well as by absorptions against CCK-8. CCK mRNA positive cells showed a slight, but non-significant, decrease in the duodenum of pdxl-deficient mice (to 58.6% of wild-type animals, P = 0.6, cf. Table 1 ). A number of other duodenal endocrine cell populations were also quantitated in wild-type and pdxl-deficient mice (Table 1) . Some of these cell populations decreased significantly in number in pdx 1-deficient mice but the decreases never came close to the 98.4% decrease that was registered for antropyloric G cells (Table 1) . No increases in endocrine cell populations were noted in the duodenum. All staining and absorption controls were negative.
Discussion
Our results show that pdxl immunoreactivity is present in nuclei of a subpopulation of mouse antropyloric epithelial cells. Part of the positive cells correspond to subpopulations of gastrin, somatostatin and serotonin cells. Our results also show that mice deficient in pdxl are virtually devoid of antropyloric gastrin cells. Previously, it was reported that duodenal gastrin immunoreactive cells occurred in unchanged numbers in pdxldeficient and wild-type mice (Jonsson et al., 1994) . Our characterization of the commercial (Dakopatts A/S) gastrin antiserum used in that study shows that it cross-reacts with CCK by virtue of its content of antibodies recognizing the C-terminal tetrapeptide amide sequence common to gastrin and CCK. Specific in situ hybridizations for gastrin mRNA showed that the new-born mouse duodenum (of both wild-type and pdxl-deficient animals) is devoid of gastrin cells. This agrees with previous immunocytochemical studies (Kataoka et al., 1985) . Also adult mice have only low degrees of duodenal gastrin expression (Wang et al., 1995) . The antrum of new-born wildtype mice contained gastrin mRNA positive cells, while no such cells could be detected in the pdxl-deficient mice. Conversely, no CCK mRNA positive cells were detected in the antrum, while such cells occurred in the duodenum of both new-born and pdxl-deficient animals. Hence, the gastrin immunoreactive cells reported by Jonsson et al. (1994) in all probability correspond to CCK cells. The CCK mRNA positive cells showed a slight, but non-significant, decrease in frequency in the pdxldeficient animals. CCK is involved in regulating pancreatic enzyme secretion and gall bladder contractility. Its secretion is feed-back regulated by the pancreatic enzyme trypsin (Miyasaka et al., 1989) . The absence of a pancreas (and, hence, of trypsin) in the pdxl-deficient animals could be related to the slight decrease in CCK mRNA positive cells observed in these animals. Offield et al. (1996) recently noted that pdxl-deficient mice had an impaired development of the rostral duodenum and found evidence for reduced numbers of duodenal CCK, secretin and GIP cells in such mice. Their results were, however, not supported by immunocytochemical specificity controls nor by statistical analysis. As shown by our present results pdxl-deficient mice show statistically significant decreases in duodenal neurotensin, GIP, somatostatin and secretin cells as demonstrated by well-controlled immunocytochemical reactions, while non-significant decreases occur with respect to duodenal serotonin and CCK cells. The decreases noted by us and by Offield et al. (1996) occurred in the upper duodenum and were of small magnitudes compared to the dramatic changes noted in the antropyloric endocrine cells (cf. Table 1 ).
In the antropyloric region, gastrin cells were virtually eliminated while serotonin cells were increased and somatostatin cells unchanged in numbers. Pdxl-deficient mice have distended stomachs. In order to minimize possibly unspecific effects of gastric distension we sacrificed our animals on the day of birth. Moreover, gastric distension produced by pyloric iigation has been found to result in well-granulated gastrin cells, no change in serotonin cells and a reduction in somatostatin cell numbers (Bussolati and Monga, 1973) . As these changes are opposite to those observed in our study we feel confident that the antropyloric changes recorded are a direct consequence of the pdx 1-deficiency.
The simultaneous decrease in gastrin cells and increase in serotonin cells is particularly interesting since our previous studies (Larsson and M~rch-J~rgensen, 1978) have shown that developing gastrin cells co-store serotonin. Moreover, mouse intestinal endocrine cells may differentiate along a pathway involving sequential expression of substance P, serotonin and secretin (Roth and Gordon, 1990) . We therefore examined whether mouse gastrin and somatostatin cells contained serotonin immunoreactivity. Our analysis revealed three types of coexistences; gastrin÷serotonin ÷, gastrin÷somatostatin ÷ and somatostatin÷serotonin ÷ cells. Notably, the co-storing cell populations were few in number and constituted less than 1% of the single positive cell populations.
Like all other gastric epithelial cells the antropyloric endocrine cells originate from stem cells present in the regenerative (isthmus) region of the gastric glands (Thompson et al., 1990) . Following division of stem cells, daughter cells divide, differentiate and migrate upwards to become surface epithelium and downwards to become endocrine and exocrine gland cells (Lipkin, 1973; Thompson et al., 1990) . Thus, the position of cells on an axis from the isthmus to the gland bottom is an indicator of their degree of differentiation/migration (cf. Fig. 5 ). We have previously documented the presence of rare cells coexpressing the gastrin and somatostatin genes (Larsson, 1994 (Larsson, , 1995a . Such cells predominate in the regenerative region of the glands and are considered to represent multihormonal precursors to mature gastrin and somatostatin cells. Our present results confirmed the presence of such gastrin÷somatostatin + cells in the isthmus region of the mouse antropyloric glands while gastrin÷serotonin ÷ as well as somatostatin+serotonin ÷ cells were distributed significantly further down into the glands (Fig. 5) . This is consistent with our hypothesis that the gastrin÷somato -statin ÷ cells represent the earliest forms of antropyloric endocrine cells (Larsson, 1994; Larsson et al., 1995a) . While gastrin+somatostatin ÷ cells are either pdxl-positive or pdxl-negative, gastrin÷serotonin + and somatostatin÷serotonin ÷ cells are always pdx 1 positive. Hence, it is possible that the onset of pdxl expression occurs late in the life-cycle of the gastrin÷somatostatin ÷ cells and then is continued in their daughter cells. We propose that these daughter cells correspond to gastrin÷serotonin ÷ and somatostatin÷serotonin ÷ cells as indicated in Fig. 6 .
The function of pdxl in the somatostatin positive cells remains obscure. The observation that the number of somatostatin cells in the pyloric antrum is unaffected in the pdxl mutant mice shows that pdxl is not required for Fig. 6 ), In the normal organism, gastrin is a major hormonal regulator of gastric acid secretion and mucosal growth (for review see Johnson et el., 1993) . While overproduction of gastrin by Zollinger-Ellison tumors leads to severe ulcer disease, diarrhea and gastric mucosal hypertrophy no specific symptoms relating to gastrin hyposecretion are known. However, removal of the gastric antrum results in gastric mucosal atrophy which can be reversed by somatostatin gene expression. In contrast, this study clearly documents that pdxl is essential to normal gastrin cell development in the mouse stomach. In agreement with previous studies in rats (Onolfo et al., 1989) , we found that the majority of mouse antropyloric PYY positive cells corresponded to gastrin cells. In pdxl-deficient mice significant reductions in gastrin and PYY immunoreactive cells were observed. Thus, the pdxldeficiency did not only affect the expression of gastrin but also affected the additional G cell marker, PYY. The functional consequence of gastrin and PYY coexistence is unknown. However, as both peptides can modulate gastric acid secretion (Solomon, 1985) they could possibly act in concert when released together. Although the gastrin promoter contains potential binding sites for both isll and pdxl (Chung et al., 1996; Larsson et el., 1995a) , studies in insulinoma cells indicate that a factor distinct from these two is important for gastrin gene transcription (Chung et al., 1996) . Moreover, the fact that not all gastrin cells are pdxl positive as well as the persistence of extremely few gastrin cells in the pdxl-deficient mice indicates that pdxl is not essential to gastrin gene transcription. The parallel decrease of the two G cell markers gastrin and PYY in the Ixlx 1 deficient mice suggests that pdxl is involved in G cell maturation. However, addi-
~,=block in the pdxl deficient mouse Fig. 6 . Scheme illustrating our hypothesis on the development of antropyioric endocrine cells. Isthmic stem cells divide and generate daughter cells, some of which become primarily committed to an endocrine (gastrin+somatostatin +) lineage. At a later stage, these cells start producing pdxl. Following a cell division (Larsson et al., 1995a) , gastrin+serotonin + and somatostatin+serotonin + producing daughter cells are generated. The gastrin+serotonin + cells undergo a further differentiation into ceils positive for gastrin only or serotonin only. These cells are initially pdxl positive but later becomes pdxl negative. As indic, ate, d, pdxl appears to he important for the decision of the gastrin+serotonin + cells to differentiate into gastrin cells.
gastrin injections (for review see Johnson et al., 1993) . Thus, diminished production of gastrin in the pdxldeficient animals could be expected to lead to diminished trophic stimulation of the mucosa. To register such effects, however, the pdxl-deficient mice must be made to survive for longer times.
Experimental procedures
Animals
Pdxl-deficient mice were generated by deletion of exon 2 which encodes the homeodomain of pdxl (ipfl) using homologous recombination in ES-cells as described (Jonsson et al., 1994) . Mice homozygous for the deletion and wild-type (control) mice were sacrificed on the day of birth. The absence of a pancreas was verified in the homozygotes and specimens from the antropyloric region of the stomach and the duodenum were fixed by immersion for 3 h in Bouin's fluid, dehydrated and paraffin embedded. Additional specimens were fixed in 10% formalin overnight, soaked in 30% sucrose and prepared for cryostat sectioning. Antropyloric stomach, duodenum and pancreas from adult and new-born (1-4 days old) Balb/c mice were fixed in 4% paraformaldehyde, 10% formalin or Bouin's fluid and prepared for cryostat sectioning or paraffin embedding.
Antisera
Rabbits were immunized with recombinant glutathione-S-transferase (GST) fusion protein incorporating the C-terminal region of rat pdx 1 (stfl). The recombinant protein was produced in bacteria and purified by affinity chromatography on a glutathione column. GST-stfl expression plasmid was a gift from J. Leonard, StrangCornell Res Lab, New York (Peers et al., 1994) . One antiserum (1858-5) produced staining in both rat and mouse tissues. In addition, an affinity-purified rabbit antimouse pdxl antiserum (Ohlsson et al., 1993) was used. For analyzing hormonal peptides, a number of rabbit, guinea pig and goat antisera and mouse monoclonal antibodies were used. Details of all antisera are given in Table 2 .
Secondary antisera included fluorescein isothiocyanate-(FITC-), Texas red-and aminomethylcoumarine-(AMCA-) labeled species-specific antimouse, antirabbit, antigoat and antiguinea pig IgG antibodies (Jackson Immuno Research Labs Inc, West Grove, PA, USA and Dakopatts A/S). Unlabeled swine antirabbit IgG, peroxidase-antiperoxidase (PAP) complex and alkaline phosphatase-labeled antirabbit IgG were from Dakopatts.
Immunocytochemistry
Formalin-fixed cryostat or paraffin sections were stained with the pdxl antisera. Paraffin sections were pretreated by two 5-min cycles in 10 mM citrate buffer pH 6.0 at full power setting (780 W) in a Miele PP-780 laboratory microwave oven (Miele & Cie, Giitersloh, Germany). The site of antigen-antibody reaction was revealed either by indirect immunofluorescence or with biotinylated antirabbit IgG antibodies followed by alkaline phosphatase-labeled streptavidin and development in a bromochloroindolyl phosphate-nitroblue tetrazolium (BCIP-NBT) medium fortified with levamisole (Larsson and Hougaard, 1993) .
For double and triple immunofluorescence, sections were stained by combinations of antisera raised in different species followed by FITC-, Texas red-and AMCAlabeled species-specific second antibodies. In addition, sections were first stained for pdxl using Texas redlabeled second antibodies and were then submitted to the formaldehyde-blocking technique of Wang and Larsson (1985) which permits restaining with antisera raised in the same species. Such sections were restained with rabbit gastrin and monoclonal mouse somatostatin antibodies combined with species-specific FITC-and AMCAlabeled second antibodies. Quadruple stainings were performed by first staining for pdxl using alkaline phosphatase-based detection, followed by guinea pig gastrin, goat serotonin and mouse monoclonal somatostatin antibodies detected by FITC, Texas red and AMCA-labelled secondary antibodies. Sections of new-born wild-type and pdxl-deficient mice were stained with rabbit antisera to gastrin, somatostatin, serotonin, secretin, gastric inhibitory polypeptide (GIP), neurotensin, and PYY (Table 2) using the PAP method of Sternberger (1979) and development in diaminobenzidine/H202 medium (Larsson, 1988) . The PYY antiserum was fortified with 1.6 mg/ml poly-L-lysine (Mr 3500, Sigma, St. Louis, MO, USA) prior to staining (Larsson, 1988) . PAP stained sections were lightly counterstained with hematoxylin in order to reveal nuclei and general morphology. Numbers of immunopositive nucleated cells per millimeter length of mucosa were counted in three perfect transverse sections per animal. Results were expressed as means _+ standard deviations (SD) and analyzed statistically by the MannWhitney U-test. The distributions of cells in the mucosa were measured in perfectly transverse sections in micrometers from the base of the glands to the center of the nucleus using a calibrated eye-piece. Distributions were statistically examined using Student's t-test. Sections were examined in a Leica epifluorescence microscope using selective FITC, Texas red and AMCA filter blocks or in a Molecular Dynamics confocal microscope equipped with an argon-krypton laser.
Controls included absorptions of the primary antisera against synthetic gastrin-17, CCK-4, CCK-8, secretin, neurotensin, substance P, somatostatin-14, somatostatin-28, PYY (Peninsula Laboratories, Inc., Merseyside, UK), poly-L-iysine (Sigma, St. Louis, MO, USA) and recombinant rat pdxl (cleaved off from the GST protein). Syn-thetic serotonin (Sigma) was coupled to BSA using formaldehyde (Steinbusch et al., 1978) before being used for absorption controls. In addition, conventional staining controls were employed as recommended (Larsson, 1988) .
In situ hybridizations
One oligodeoxynucleotide complementary to rat (Fuller et al., 1987) and mouse (pos. 3537-3553, GenBank accession no. U34293) gastrin mRNA (ratgas2; 5'-ATC CGT ATG cTr CCT CTr cTr CCT CCA-3') and one oligodeoxynucleotide complementary to rat cholecystokinin (CCK) mRNA and with one mismatch to mouse CCK mRNA (5'-CAT GCG GCC AGA GGG AGC TIT GCG GAC CTG-3') (Kuwano et al., 1984; Friedman et al., 1985) were synthesized and labelled with four biotin molecules as described Hougaard, 1992, 1994a) . In addition, an oligodeoxynucleotide complementary to rat gastrin mRNA and with three mismatches to mouse gastrin mRNA in the three 3'-most positions (ratgas3; Larsson and Hougaard, 1993) was used. In situ hybridizations were carried out as described Hougaard, 1993, 1994a) . Briefly, deparaffinized and hydrated sections were permeahilized with 0.03% pepsin in 0.2 M HCI for 20 min, acetylated and hybridized overnight at 10-15°C below the melting point (Tm). Stringency washes were performed at 10-15°C below the T m. The site of hybridization was detected by a triple layer method incorporating rabbit antibiotin antibodies (Enzo Diagnostics Inc., Farmingdale, NY) diluted 1:300, biotin-labelled goat antirabbit immunoglobulin (Dakopatts A/S, Glostrup, Denmark) diluted 1:500, and alkaline phosphatase-labelled streptavidin (Dakopatts A/S) diluted 1:100. Alkaline phosphatase activity was revealed by development in a bromochloroindolylphosphate-nitroblue tetrazolium medium fortified with levamisole (Larsson and Hougaard, 1993) . Controls included deletion of the probe, substitution of the gastrin probes for the CCK probe and vice versa as well as RNase treatment of the tissue prior to hybridization (Larsson and Hougaard, 1993; 1994a) .
